Introduction
been suggested that there are a stereotypical number of vesicle clusters that are partitioned to the daughter cells During mitosis, the biosynthetic activity in animal cells by an ordered and accurate mechanism [4], possibly due is slowed down, and the main task is then to segregate to interactions with the mitotic spindle microtubules [5] . the chromosomes and to partition all other cellular components to the two daughter cells. Cellular organelles are partitioned into daughter cells by more or less stringent
The fate of endosomes and lysosomes during cell division mechanisms. The most ordered partitioning is based on has not been revealed in detail thus far, most likely bethe mitotic spindle [1] . This insures highly accurate segrecause of the dynamic properties of these organelles. Endogation of chromosomes by tethering each sister chromatid somes have been shown to exist both as distinct organelles to one or the other of the spindle poles through microtuand in an interconnected network [6, 7] . Lysosomes are bules attached to the kinetochores. When partitioning is also dynamic, but mostly distinct, and more than 1000 not directed, the distribution is random, based on the laws organelles per cell have been recorded [8, 9] . The lysoof probability [2] . In this case, the accuracy of partitioning some equivalent in fungi is the vacuole. In budding yeast, depends on the number of organelles, a uniform distributhere are often only 1-5 vacuoles, and these are inherited tion, and an equal division of the cell's volume into the by an ordered mechanism that does not involve fragmennascent daughter cells.
tation [10] .
In most eukaryotic cells, the onset of mitotic prophase is By using confocal and video microscopy, we have demarked by significant changes in organelle structure and scribed the partitioning of endosomal and lysosomal popufunction. Some organelles fragment and vesiculate, a lations labeled with endocytosed fluorochromes or a GFPmechanism that facilitates the partitioning between daughtagged early endosomal marker. Moreover, we utilized ter cells (for a review, see [2] ). The mechanisms underlythe enlarged endosomes induced by overexpression of ing organelle fragmentation involve a transient inhibition invariant chain to study the inheritance of a particular of fusion machinery in the face of the continuing budding endosome in more detail. of transport vesicles, and the result is a progressive vesiculation of the organelles. The Golgi complex provides a
Results

striking example of membrane redistribution, although
Endosomal and lysosomal populations remain distinct there is still some controversy about the precise mechaduring cell division nisms involved in this process (for a review, see [3] ).
To label late endocytic compartments, MDCK cells were During mitosis, the Golgi apparatus breaks down from a incubated with BSA-Alexa 594 overnight and washed and incubated with microscopy medium without BSA-Alexa single copy organelle into several vesicle clusters. It has Segregation of late endosomes and lysosomes. To label late endocytic compartments, cells were incubated overnight with BSA-Alexa 594 and then chased for 30 min in medium without BSA-Alexa 594. Confocal microscopy images of live cells at 37ЊC were acquired. An asterisk identifies (a) the mother cell 45 min before division, (b) the mother cell during mitosis, and (c) the daughter cells 45 min after division (supplementary movie 1, image every min).
594 for at least 30 more minutes. Images were acquired shape did not result in similar observations (data not shown). every 5 min and show that late endocytic compartments remained labeled with BSA-Alexa 594 during cell division ( Figure 1 ). To study the fate of early endosomes during
To study the intracellular distribution of endosomes and lysosomes in detail, we performed two-color time-lapse mitosis, we used cells that were stably transfected with EEA1-GFP. At the onset of mitosis, the cytoplasmic fluoexperiments in which two-channel images of five confocal planes were acquired every minute and merged to one rescence by EEA1-GFP increased, and this was maintained throughout mitosis until it decreased in the newly plane. Digital analysis of high-resolution confocal microscopy images showed that average interphase MDCK II formed daughter cells (Figure 2 ). However, endosomes were still labeled, indicating a shift toward free EEA1 in cells contained about 400 early endosomes (EEA1-GFPpositive) and about 800 late endocytic compartments mitosis. To exclude that this observation was an artifact of the more globular shape of mitotic cells, the MDCK (BSA-Alexa 594-positive). In interphase cells, there was very little overlap between BSA-Alexa 594 chased for 30 cells were treated with trypsin, but the resulting globular Distribution of EEA1-GFP during mitosis. Live dividing cells at 37ЊC 60 min before division, (b) the mother cell during mitosis, and (c) the were monitored by phase contrast and video fluorescence daughter cells 60 min after division (supplementary movie 2, image microscopy. EEA1-GFP labeling is displayed as green (big window) every 20 min). or grayscale (small frame). An asterisk identifies (a) the mother cell Simultaneously labeled endosomes and lysosomes during mitosis.
were selected. Image subtraction was performed to visualize changes MDCK cells expressing EEA1-GFP were incubated overnight with during each sequence. The second image in a sequence was BSA-Alexa 594 and chased to label late endocytic compartments.
subtracted from the first, the third from the second, and so on. The Live, dividing cells at 37ЊC were studied by dual-parameter confocal subtracted images were merged and displayed (green channel). To microscopy. Five different z scans were acquired every minute and identify vesicle movements, subtracted images were analyzed merged. min or more and EEA1-GFP (Figure 3a) . Data from such to identify separate vesicles. Three hours after cytokinesis, the daughter cells had flattened out, but on average, experiments showed that during mitosis, labeled vesicles were dispersed throughout the cytoplasm but accumuthe number of labeled endosomes/lysosomes in the two daughter cells was only 90% of that of the parental cell lated at a juxtanuclear position right after cytokinesis (Figure 3a) . This was facilitated by directional, coordinated before mitosis. At this time, the number of EEA1-GFPlabeled endosomes had increased to about 150% (data not movements ( Figure 3b ). In the merged version, there is seemingly an overlap between the two different labels shown), indicating that new early endosomes were formed in the early G1 phase. (yellow in Figure 3a) . However, as shown in Figure 4 , three dimensional reconstitutions from the sections demonstrated that early and late endocytic compartments were
Another explanation for the decreased number of vesicles in the daughter cells could be that some vesicles did also distinct and separate throughout cytokinesis (supplementary data available, movie 5). About 30 to 60 min after fuse during mitosis. To address this possibility, cells were labeled overnight with BSA-Alexa 594 and chased for 30 cytokinesis, endosomes and lysosomes started to migrate from the juxtanuclear position to distribute throughout min in microscope medium. The total BSA-Alexa 594 fluorescence within the mother cells was then quantified the cytoplasm (Figure 3) . and related to the total fluorescence in the daughter cells ( Figure 5 ). With this approach, we obtained a more narrow
Endosomes and lysosomes are not accurately segregated to the daughter cells distribution than with the counted number of vesicles; The observed shift in the intracellular localization of the however, the experimental data were still not within the endocytic compartments during cell division suggested borders of the calculated binomial distribution. some degree of order to the partitioning of these organelles. To study if there was a higher degree of precision Enlarged endosomes are not fragmented during mitosis to the process than what would be expected by a random Time-lapse fluorescence microscopy of labeled endopartitioning, the number of EEA1-GFP-or BSA-consomes suggested that the endosomes and lysosomes did taining vesicles present after mitosis was estimated in not fragment during mitosis. However, these observations the daughter cells and related to the number of labeled did not rule out a possible transient fragmentation of the vesicles in the mother cell 30 min prior to mitosis. Data vesicles before cytokinesis, followed by rapid reassembly from analysis of 20 divisions were grouped, plotted, and after cytokinesis. To study this in more detail, we utilized related to the expected distribution of 100 endosomes stably transfected MDCK cells with enlarged endosomes partitioned by a random distribution ( Figure 5 ).
induced by high levels of invariant chain [11] . Growth experiments demonstrated that the generation time was The data show that the distribution of both early endoonly slightly prolonged in cells with enlarged endosomes somes and late endocytic compartments was shifted slightly (data not shown). Studies on fixed cells with enlarged to the left of, but was not more focused than, the theoretiendosomes and the DNA stained with ethidium bromide cal binomial distribution. From this, we may conclude demonstrated that the enlarged endosomes were present that there is no strong mechanism assuring an equal distriin all mitotic phases (data not shown). Moreover, the size bution of the number of endosomal organelles to the and stability of the enlarged endosomes allowed us to study the fate of single endosomes in dividing cells using two daughter cells. A shift to the left of the theoretical distributions is due to a lower number of labeled vesicles time-lapse phase contrast microscopy. The results showed that the enlarged endosomes remained intact and were after mitosis. One explanation for this could be that 30 min after cytokinesis, the daughter cells were still in a not detectably fragmented during mitosis and cytokinesis ( Figure 6 ). rounded configuration, and it was therefore more difficult Quantitative analysis of endosome/lysosome partitioning. Images of mother cells 30 min before cytokinesis and daughter cells 30 min after division were analyzed digitally (see Materials and methods). The number of labeled endosomes and the value of total BSA-Alexa 594-labeling were determined, and the fractions found in the daughter cells were organized in groups and plotted. Data obtained from 17-23 time-lapse experiments are shown for each dataset. The random distribution was estimated by the binomial formula
where P(r) is the probability of exactly r successes. r (the probability for any endosome to be partitioned to any daughter cell) was set to 0.5, and, for simplicity reasons, N (the number of endosomes) was set to 100. The probabilities were then grouped and plotted.
Discussion and conclusion
a rounded configuration during mitosis, the endosomal compartments became more clustered, but detailed threeIn this paper, we have addressed two basic questions: are endosomes and lysosomes stable entities during mitosis, dimensional analysis showed that, also in this phase, the markers did not significantly overlap. This shows that and, if so, how is the copy number maintained?; and are endosomes and lysosomes partitioned to the daughter the endosomal compartments were separate throughout mitosis. cells in an ordered manner? To obtain the proper distribution of organelle membranes to the daughter cells, both
To study the fate of single endosomes during mitosis, we the ER and the Golgi complex disassemble during mitotook advantage of the enlarged endosomes induced by sis. So far, the fate of endosomes during cell division has Ii expression in stably transfected MDCK cells. Phase not been extensively studied. Due to extensive organelle contrast video microscopy did not reveal detectable fragmovement and the small size of endosomes, following mentation of the enlarged endosomes during cell division. specific endosomal compartments during division and cyIn addition, whereas fusion of endosomes could be readily tokinesis has been problematic.
observed in interphase cells (T.W.N, T.F.G., T.B., J.W., E.S., and O.B., unpublished data), this was not observed To identify early endosomes, we used cells transfected with EEA1-GFP, and late endocytic compartments were during mitosis. From the above data, we draw the conclusion that in MDCK cells, endosomes and lysosomes are identified by the uptake and chase of BSA-Alexa 594. By this method, we could clearly distinguish the two separate maintained during cell division and do not fragment or fuse. This conclusion is also supported by previous data endosomal compartments in interphase cells with hardly any overlap of the two markers. As the cells assumed showing that the process of endocytosis is arrested upon Phase contrast video microscopy of cells with invariant chain-induced enlarged endosomes. Formation of enlarged endosomes was induced by overnight expression of invariant chain, and phase contrast microscopy images of dividing, live cells at 37ЊC were acquired every minute for 4 hr. An asterisk identifies (a) the mother cell 60 min before division, (b) the mother cell during mitosis, and (c) the daughter cells 30 min after division (supplementary movie 6, image every minute).
the entry into mitosis (for a review, see [12] ) and data from colocalization analysis suggest that the segregation of endosomes and lysosomes might be ordered, the accuracy cell-free systems showing that endosome fusion events are of partitioning is not higher than what would be expected arrested in mitotic extracts [13, 14] .
by a stochastic distribution. Endosomes and lysosomes have long been appreciated
We found the cytoplasmic distribution of EEA1-GFP to to be highly dynamic structures that exhibit microtubuleincrease upon the onset of mitosis. A similar pattern has dependent, saltatory movements [15], a process facilitated been observed with rab4, which is phosphorylated during by motor proteins (for a review, see [16] , and the GTPase rab5 [28] . partments inherited from the mother cell colocalized at EEA1 plays an important role in endosome fusion [28] [29] [30] a juxtanuclear position in the area of the microtubule by acting as a tethering factor (for a review, see [31] ). In organization center. Furthermore, immunofluorescence a recent report, Nielsen et al. [32] have shown that rab5 microscopy studies of fixed cells showed that these organboth stimulates the association of early endosomes with elles colocalized with microtubules in all mitotic phases microtubules and the movements of early endosomes to-(data not shown). Together, these data hint at the possibilward the center of the cell. Interestingly, the rab5b isotype ity that microtubules play a role in endosome/lysosome has been demonstrated to be phosphorylated by cdc2 partitioning, and we asked if this would cause endosomes kinase in vitro [33] . However, to our knowledge, the distriand lysosomes to be partitioned with higher accuracy than bution of rab5b has not been studied during mitosis, and by a random procedure. To address this question, we we can, at present, only speculate about a possible link computer-analyzed a number of images from the timebetween rab5 phosphorylation, the shift in EEA1 distribulapse videos of dividing cells. The number of endosomes/ tion, and the coordinated movement of endosomes during lysosomes in mother and daughter cells were identified, cytokinesis. and the fractions of labeled organelles were compared to the expected distribution of 100 endosomes partitioned How then is the copy number of endosomes/lysosomes by a random procedure. Partitioning of neither early endomaintained as cells propagate? Our data show that the somes nor late endosomes/lysosomes was within the exendosome/lysosome copy number was approximately pected distribution of 100 randomly segregated endohalved after cell division. The number of early endosomes. Another method of studying the distribution of somes, which were labeled "biosynthetically" by EEA1-endosomal partitioning into daughter cells involves mea-GFP, increased in the daughter cells after cell division suring the segregation of the fluorescent content of the (50% increase after 3 hr). This shows that the copy number mother cell endosomal compartments. This approach reof early endosomes increases in the daughter cells as endosulted in a more concentrated distribution, but not one cytosis is reinitiated. However, the number of late endothat was more precise than would be expected by a stosomes containing endocytosed marker did not increase chastic mechanism, which would yield data that follows during the same period. As the number of late endosomes/ a binomial distribution. From our data, we find no evilysosomes most likely also increases, the newly formed dence for a strict mechanism assuring an equal division organelles do not seem to share the content of the lysoof endosomes/lysosomes into the two daughter cells. A somes inherited from the mother cell. This could be a potential general size difference between daughter cells result of the "maturation" of the early endosomes into may also affect the distribution of these organelles. Howlate endosomes and lysosomes. In conclusion, our data ever, our results indicate that at least some part of the demonstrate that endosomes and lysosomes do not disinprocess of division of endosomes/lysosomes is stochastic.
tegrate during mitosis, but are partitioned as separate, intact vesicles. The partitioning is not accurate, and the The dispersed distribution does not rule out that there copy number is increased after cytokinesis, which is most might be an order to the process. Our data show that likely a direct result of the reinitiated endocytic maduring mitosis, the endosomal compartments are cluschinery. tered by directional movements, suggesting that microtubules are involved in the process. It is possible that organ-
Materials and methods
elle association to either spindle is a stochastic process.
Cells
Thus, although the spindle can serve as a track for precise Madin-Darby canine kidney strain II (MDCK) stably transfected with Ii under the control of the metallothionein promoter in the pMEP4 vector segregation of its associated vehicles, endosomes/lysohas been described previously [34] . Ii expression was induced by the somes would not be partitioned accurately if there was addition of 25 M CdCl 2 . Cells were transfected with early endosomal no mechanism to ensure that these organelles are bound antigen 1 fused to green fluorescent protein (EEA1-GFP) [35] , a gift in equal numbers to both forming spindles. Altogether, the sum of all relevant pixels, multiplied by their corresponding intensity.
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